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1. Introduction 

In the realm of materials science and polymer nanocomposites, the amalgamation of distinct components 10 
develop novel materials has Jed to groundbreaking advancements [1]. Poly(m-phenylene diamine) (PmPDA), a 
member of the aromatic amine polymer family, stands as un intriguing material known for its exeeptional properties, 
Its structure, characterized by the presence of phenyl rings linked by diamine moieties, contributes to is intrinsic 
‘conductivity, mechanical robustness, and thermal stabilty[2]. These attributes render PmPDA a promising candidate 
in various technological applications, spanning from electronics to biomedical engineering|3].On the other hand, the 
advent of ninotechnology has fostered the exploration of carbon-based nanomaterials. Singel-walled carbon 
‘nanotubes (SWCNTS) have received considerable interest for their extraordinary mechanical, electrical, and optical 
properties [4]. However, pristine carbon nanotubes are hydrophobic and tend to ageregate due to strong van der Waals 
imteractions, limiting their uilization in composites. Surface functionalizaton of earbon nanotubes has been shown to 
improve dispersion and interfacial interactions with polymer matrices. Sulfonated single-walled carbon nanotubes 
(SWCNT-SOsH) feature anionic groups that can interact with cationic polymers through electrostatic interactions [5] 
In recent years, many studies on the optical properties of nanocomposites have been made based on conductive 
polymers. Dhole and Co-workers studied the optical properties of a nanocomposite of polyaniline with Zn 
‘nanoparticles [6]. Khairy et al studied the optical and electrical properties of a polyaniline nanocomposite with nickel 
ferrite nanoparticles [7]. Zhang et al. investigate diclectri properties and piezoelectric properties ofa nanocomposite 
of poly(vinylidene difluoride) and graphite for use in lasers [8]. Nowruzi and coworkers investigated the nonlineas 
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properties of nanofluids made from poly(aniline-co-pyrtole) zine oxide [9]. Daukhah etal studied the enhancement of 
thermo-optical properties of poly (anline-co-ortho phenylenediamine) @TIO:10]. Liu and co-workers investigated 3 
‘one-dimensional cvordination polymer [11], Muller tal focus on the optical limiting behavior of a series of polymer- 
dye nonlinear nanocomposites [12]. 

‘Therefore, the merging of PmPDA with SWCNT-SO,H engenders anew paradigm in the realm of nanocomposites. 
‘The synergistic interplay between these constituents holds immense promise, offering a platform to explore and 
‘harness a spectrum of advantageous properties, particularly in the realm of optics. The blending of these materials 
aims not only to enhance the intsinsic properties of the individual components but also to explore and engineer new 
functionalities that arse from their unique synergy. 

‘This study endeavors to fabricate a poly(a-phenylene diamine)/sulfonated Multi-walled Carbon Nanotubes 
(PmPDA/SWCNT-SOsH) nanocomposite and systematically investigate its optical properties. By meticulously 
characterizing and analyzing the optical behavior. this research aims to elucidate the impact of SWCNT-SOsH on the 
‘optical properties af PmPDA and delineate the poteatial applications of this nanocomposite in various optoelectronic 
and phow 


ie domains. 


2. Materials and methods 
2.1. Materials and instruments 

“Meta-phenylenediamine with 98% parity. ammonium persulfate with 98% purity, hydrochloric acid, 37% dimethyl 
sulfoxide, 98° sulfuric acid, and tetrahydrofuran were purchased from Merck, Germany. Single-wall carbon 
‘nanotubes (SWCNTS) were purchased from Neutrino (ran). 
|A Fourier transform infrared spectrometer (FTIR) model PerkinElmer, made in Germany, was used to study the 
chemical structure of the simples inthe range of 4000-400 cnt! Crystallinity behavior and irregularities of samples 
Were studied by X-ray diffraction (XRD model Bruker D8 Advance) made in Germany with a seanning speed of 
S/n in the range of 5-80°, Field emission scanning electron microscopy with an energy dispersive X-ray 
spectroscopy detector, MIRA3 XMU model (FE-SEM/EDX) made in the Czech Republic, was used to study 
morphology and elemental composition, The thermal stability of samples was studied with a thermogravimetric 
analyzer (TGA) model TG209F3 from NETZSCH, made in Germany. with a heating rte of 10°C/min under argon, 
‘The optical properties of samples were studied with a Cecil 5000 ultaviolet-visible (UV-vis) spectrometer made in 
England. Linear and nonlinear optical properties were studied using a Z-scan device and solid-state neodymium-doped 
Yitrium aluminum garnet (Nd: YAG) laser made in Iran with an output of green light ata wavelength of 532nm, 


2.2. Sulfonation of carbon nanotubes (SWCNT-SO:H) 

Sulfonation of earhon nanotubes was performed based on the reports presente in relevant articles (Figure La) [13]. 
(04 g of SWCNT was added to a ask containing 14 mL of a 1:1 volume ratio sulfurie acid and nitric acid mixture 
and placed on a magnetic stimer for 5 hours. Then, the reaction container was placed in an ultrasonic bath for 15 
minutes, The contents ofthe flask were then washed with distilled water to neutral pH using & centrifuge and placed 
in an oven at 70°C for 12 hours to dry. After tha, the dried material was mixed with 2 mL. of sulfuric asd and placed. 
under a hot waterbath at 70 °C on a magnetic ster for 2 hours. In the end, the obtained sediment was Washed several 
times with distilled water using a centrifuge and dried in an oven at 70°C. 


Fabrication of poly(meta-phenylenediamine)/SWCNT-SOsH (PmPDA/SWCNT-SOsH) 

In Poly(meta-phenylenediamine\/SWCNT-SOsH nanocomposites with different weight percentages of SWCNT- 
SO3H (5% and 10%) were fabricated by an in situ polymerization method (Figure 1b). Fist, 1 g of meta- 
phenylenediamine monomer was dissolved in 50 mL. of hydrochloric acid (1 M). Then, 0.1 g of SWCNT-SO\H 
‘nanoparticles were poured into $ ml. of distilled water and placed in an ultrasonic bath for 1S minutes to disperse the 
‘nanoparticles, In the next step, the mixture containing the nanoparticles was gradually added 0 the vessel containing 
the monomer, In another separate container, 211 g of APS initiator was dissolved in 20 mi of distilled water and 
added dropwise 1 the container containing monomer and nanoparticles over 15 minutes. The resulting solution was 
placed on a magnetie stirrer at room temperature for 4 hours to Form the final composite. Nex, the obiained sediment 
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was washed with water and seetone and separated by centrifuge, and finally, the obtained sediment was died at room. 
temperature, 
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Figure 1 Schematic of sulfonation of carbon nanotubes (a) and preparation of nanocomposite) 


2.4, Collecting data from samples using the Z-scanning method 
"The nonlinear properties of materials were evaluated by the Z-scan method. ln this research, a Gaussian bear from 
«continuous Nd: YAG laser with a wavelength of S32 nm, with a power of 165 mW, and a beam waist diameter of 
56x 10m was focused toa doublet lens witha focal distance of 19 cm on a | mm thick cell containing the nonlinear 
material. During the path before reaching the focal point, intensity filters were used to atlenuae the optical power of 
the laser to 6.2, 17, $7.44, and 1645 mW 10 evaluate the nonlinear refractive index and nonlinear absorption 
coefficient ofthe materials. In this method, three intensity detectors, Ds isthe closed aperture, Ds isthe open aperture 
and D, measures the light intensity before the focal point, When executing the Z-sean setup. di 
performed with a MATLAB program, recording and storing the intensity changes with an intensity detector (M100), 


collection was 


2.5. Nonlinear absorption costicient 
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‘where a is the linear absorption coefficient obtained from the UV-Vis spectrum. 


2.8, Nonlinear refractive index 
‘A closed aperture light receiver was used to measure the nonlinear refractive index of the samples by the Z-sean 
method, In this method, as the sample passes through the focal beam area, the detector measures the fraction of 
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intensity passing through both the aperture and the sample, In this ease, the detector shows measured masinsum and 
‘minimum light intensity. The magnitude of the phase change can be oblained from the normalized transmiuance 
change ATy, using equation (3) [14] 
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3. Results and discussion 
3.1. Characterization 

FT-IR spectroscopy: The molecular structure of the samples was investigated by FT-IR spectroscopy. As shown 
in Figure 2, in the spectrum related to PmPDA, two peaks between 3111-2411 em" are related to the stretching 
vibration of N-H bonds. The absorption peaks at 1651 em and 1511 em can be atibuted to the stretching vibrations 
‘of quinoid and benzenoid structures, espectively[15]. The corresponding peak inthe region of 1551 emis related to 
CN bond vibrations [15] A comparison of the spectra of SWCNTs and SWCNTS-SOsH shows that in the FT-IR 
spectrum of SWCNTS, there isa peak around 1651 em" which ean be related to carbonyl stretching vibrations [16] 
‘This isa common feature related to the oxidation of SWCNTs, whieh has been reported by many other research groups 
[16]. The peak in the region of 3441 cn! is relate to the stretching vibrations of the hydroxyl group in COOH, kn the 
[FT-AR spectrum of SWCNTS-SOsH, one of the most obvious changes is observed in the range of 1611 em" to 1011 
em which indicates modifications of carboxyl groups. Peaks inthe regions of 1390 cm! and 1090 em! are related 
to the asymmetric and symmetrie vibrations of SO; in the -SO,OH group, respectively (16. The peaks at 684 em! 
and 551 em are related to S=O and C-S stretching vibrations, respectively. The presence of indicator peaks related 
wo SWCNTS-SO,H and PmPDA in the composite spectrum indicates the successful preparation of the composite, 


Se | 


‘Tranemittance (4) 


‘Wavenumbers (tim) 
Figure 2. FTIR spectra of PuPDA, SWCNTs, SWCNTS-SOM, ad PmiPDAVSWCNTs-SOH nanocomposite 


X-ray diffraction (XRD): X-ray diffraction pattems were used to characterize the crystallinity ofthe samples. Figure 
3 shows the X-ray diffraction pattems of PmPDA, SWCNTs-SOsH, and PmPDA/SWCNTs-SOsH. The XRD pattem 
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related to PmPDA shows a semi-crystalline structure with peaks at 25, 29, 39, and 53 degrees [17]. The XRD patterns 
related o the SWCNTs-SO:H sample show a fully crystalline structure [18]. The XRD patter related tothe composite 
sample is more similar tothe PmPDA pattern with very minor changes, which indicates that the presence of SWCNTS- 
‘SOSH nanoparticles does not significantly change the crystallinity ofthe composite, 


PmPOA/SWENTS-50,) 


awents-soy| 


tensity (a8) 


PmPDA 


_2Theta (degree) 
Figure 3. XRD pattems of PmPDA, SWCNTs SOME and PuPDAISWCNTs-SOsH nanocomponite 


Energy-dispersive X-ray (EDX) spectroscopy: In addition to FT-IR spectroscopy, energy-dispersive X-ray (EDX) 
spectroscopy was also utilized to confirm successful sample synthesis, Figure 4 shows the EDX spectra for PmaPDA 
SWCNTS-SO\H, and PmPDA/SWCNTs-SOsH. The presence of Nand C elements in the EDX spectrum of the 
PriPDA sample indicates the structure of PmPDA. The presence of S, Cl, and O elements in the polymer is due tothe 
presence of a HCl acid solution and ammonium persulfate initiator ulized in the polymer synthesis. The presence of 
CO, and § elements in SWCNTs-SOsH indicates the successful synthesis ofthis material [18], The presence of C, 
(0, and S elements inthe composite EDX spectrum proves the incorporation of SWCNTs-SOsH nanoparticles into the 
composite 


<add 


‘SWCNT-SORH 


Figure 4. EDX spectra of PuPDA, SWCNTS-SO:H, and PaiPDA'SWCNTS-5O:H nanocomposite 


Scanning electron microscope (SEM) images: A scanning electron microscope was used to examine the 
morphology of the samples. Figure § shows 500 nm magnification SEM images of SWCNTs-SOsH, PmPDA, and 
PmPDA/SWCNTs-SOsH samples. negular and aggregated structures with diameters between 200 and 400 nm can 
‘he seen in the PmPDA. sample SEM image [19]. Tubular structures that were deformed or broken in some areas (due 
to functionaliztion) are observed in the SWCNTS-SO,H SEM image, indicating nanotube diameters between 10 and 
20 nm [16]. The dispersion of functionalized carbon nanotubes on the polymer surface inthe composite SEM image 
indicates the presence of carbon nanotubes in the composite 
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‘SWGNTS3SO3H 


Figure & SEM images of PRPDA, SWCN Ts SOU, ahd PRPDASWCNTS-SOH hanocompost 


UV-Vis spectroscopy: Ultraviolet-visible spectroscopy was uilzed to study the optical properties ofthe prepared 
samples. Figure 6 shows the UV-Vis spectra of PmPDA, SWCNTs-SOsH, and PmPDA/SWCNTs-SOsH samples. In 
the PmPDA spectrum, the peak observed at 335 nm is related to x —» x transitions of guinoid rings and is associated 
With the degree of conjugation between phenyl rings along the polymer chain [20] In the SWCNTS-SO.H spectrum, 
there are wo peaks at 251 nm (visible region) and 351 nm, corresponding to C=C bonds and the presence of sulfone 
_groups on the nanotube surface, respectively [21]. The PmPDA/SWCNTs-SOsH composite spectrum shows that due 
to the incorporation of SWCNTs-SOsH nanoparticles, the 335 nm region peak in the PmPDA polymer is slightly ed 
shifled to 341 nm, These changes ean be attributed to the conductivity ofthe sulfonated carhon nanotubes, 


Absorbance (a.u.) 
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Figure 6, UV-Vis specta of PmPDA, SWCNTs-SO:H, aad PmPDAVSWCNTs-SO:H nanocomposite 


‘Thermogravimetric analysis (TGA): Theemogravimetic analysis (TGA) was utilized to study the thermal stability 
‘of the samples. Figure 7 shows the TGA curves of PmPDA, SWCNTs-SO3H, and PraPDA/SWCNTS-SQsH samples, 
In the PaPDA TGA curve, two weight losses were observed in the temperature ranges of 100-280°C and 350-700°C. 
‘The first weight loss is attributed to residual Water, HCI, and oligomers. The second weight loss is related to the 
‘removal and destruction of NH, pendant groups and the decomposition of benzenoid and quinoid units in the PmPDA 
chain [22]. In the SWCNTs-SO;H TGA curve, two weight losses occurred above 100°C and 400°C, corresponding to 
moisture/solvent loss and decomposition of -SOsH groups on the carbon nanotube surface, respectively [16.23]. In 
the PmPDA/SWCNTs-SO:H curve, an increase instability is observed compared to PmPDA, which is due to the 
presence of SWCNTs-SO,H nanoparticles. 
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Figure 7,1GA eueyes of PuPDA, SWCNTS-SOM. and PRIPDAISWCNTs-SO:H nanocomposite 


3.2. Nonlinear optical properties 
“The rapid development of naaoseience and nanotechnology has provided several new opportunities For nonlinear 
‘optics [24]. A growing number of nanomaterials have been shown to possess remarkable nonlinear optical properties 
(NOPs): this promotes the design and fabrication of nano and nano-scale optoelectronic and photonic devices [25] 
[Nonlinear optics s widely used in many fields such asin laser technology. light aspects of communication, information 
and image processing and storage 
areas, nonlinear optics has great value and far-reaching scientific significance [27]. To do this, there are several 
methods for experimentally determining nonlinear optical parameters [28.29]. Nonlinear refraction and nonlinear 
sorption of the materials ae the phenomena of major interest [30]. The Z-scan technique ean be considered the gold 
Standard for measuring nonlinear refraction and nonlinear absorption coefficients [31,32] and it has been used to study 
the nonlinear properties of a wide range of optical materials. In this paper. to prevent sedimentation of the 
‘nanoparticles nanofluids of each sample were prepared. A two-step method was used to prepare the nanouids from 
cach sample. To prepare a nanofluid witha concentration of 0.3 mp/tmL. the first 0.3 mg of each sample was added to 
| mL of dimethylsulfoxide (DMSO) solvent. The mixtures were then subjected to magnetic stsring, intially without 
agitation, then at specified time intervals unl stuble nanolluids were obiained. Nanofluds with concentrations of 05 
and 0.7 mg/mL. were also prepared similaely. 

To investigate the change in nonlinear refractive indices with beam intensity. this experiment was performed at 
four different inital intensities, Two intensity-reducing fillers were utilized to generate the differen intensities, which 
Were measured using a PM 100 intensity meter. The four incident intensities were 6.2, 17.57.44, and 164.5 mW. The 
sample solution was then poured into a 1 mim thick cell and placed in he test arrangement, Afler measuring and 
recording the intensities passing through the sample using detectors, normalized intensity plots were obtained as 
‘unction of sample position along the Z-axis for the PmPDA, SWCNTs-SOsH, and PmPDA/SWCNTs-SOsH samples. 
‘Table 1 shows the nonlinear optical parameters of the PmPDA sample at different concentrations (0.5, 0.3. and 0.7 
mg/L.) and incident laser intensities. Fach concentration was tested four times with varying incident intensities. The 
results demonstrate the effect of intensity on the nonlinear optical response, with the nonlineur refractive index and 
nonlinear absorption coefficient dependent on the intensity. The negative nonlinear refractive index indicates self- 
defocusing behavior and nonlinear pulse reshaping capacity. Additionally, the negative nonlinear absorption 
coefficient (> 0) signifies saturated absorption. Similar trends were observed for the SWCNTS-SO3H and 
PmiPDA/SWCNTs-SOsH samples shown in Tables 2 and 3, The increasing optical transmission with higher intensity 
‘enables potential incorporation into optical limiters and switches in lasers. Since the materials exhibit self-defocusing, 
they can provide beam divergence control, being useful in the design of optical components and industrial/medical 


and optical computing [26], Since nonlinear optics has been widely used in these 
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laser systems, Importantly, the concentration and intensity changes were found to modulate the nonlinear properties 
of all three samples. As shown in Tables 1, 2, and 3, variations in both parameters altered the nonlinear response of 
the PmPDA/SWCNTs-SO;H, SWCNTs-SO:H, and PmPDA samples. This affords flexibility in tailoring their 
nonlinear performance for laser engineering applications, 


‘Table 1 Noolinear optical parameters of PuPDA 
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4, Conclusions 
In summary, an optically nonlinear poly(m-phenylene diamine) nanocomposite with incorporated sulfonated single- 

walled carbon nanotubes has been successfully: de 

methodology and modification of polymer properties like thermal stability and optical absogptinn upon nanotube 

addition. Notably. the nanocomposite was found to exhibit useful self-defocusing nonlinear optical behavior which 

‘could be tuned through simple variation of concentration and laser intensity parameters, unlike the pristine polymer 

‘This platform presents opportunities for futher fundamental studies elucidating the optical noalinearity mechanisms 


eloped. Materials characterization validated the fabrication 
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arising from synergistic effects between the conductive polymer matrix and integrated carbon nanotubes. Furthermore, 
hhamessing the capacity for controlled sell-defocusing by optimizing the distortion tolerance over wider intensity 
ranges and response times will enbance real-world applicability. With tailored nonlinearity, this mnocomposite 
reral can serve as u optical limiter or switch to protect optics in laser systems from damage. Overall, these results 
represent progress toward fully unlocking the potential of earhon- polymer nanocomposite for photonic technologies 
through detailed understanding and control aver the optical properties, 
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